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Abstract 
Coal-fired plants contribute more than 30 
co-firing biomass with coal has been proposed as a near-term option. If CO2 capture is also implemented at the same 
power plant, negative emissions may result. This study investigates the effect of co-firing biomass with coal at a 
typical 500 MW Australian black coal-fired plant with and without post-combustion capture. The study shows how 
incentives such as a carbon price and renewable energy certificates have the potential to make co-firing a cost 
effective option for reducing CO2 emissions in Australia. 
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1. Introduction 
The atmospheric concentration of CO2 is growing worldwide. The largest source of stationary CO2 
emissions is the electricity generation sector. In Australia, the electricity generation sector is also the 
largest and fastest growing source of CO2 stationary emissions. The Australian electricity sector mainly 
depends on coal-fired power plants. In 2011, over 57 % of the installed electricity generation capacity was 
-fired power plants makes it one of the biggest 
GHG emitters per person in the world. 
Replacing fossil fuels with renewable energy is a possible solution for reducing CO2 emissions from 
the electricity sector. However, this cannot be considered as a short-term option because renewables are 
more expensive than fossil fuels and hence, they are not economically competitive in the current energy 
market. In addition, they cannot meet the enormous demand for base-load electricity in the near future. 
Other options for lowering the emissions from the electricity sector involve reducing the carbon 
intensity of the fuel by changing the high emission intensity coal to a lower emission intensity fuel. Fuel 
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switching from coal to low-carbon natural gas is one possible option. The other option is co-firing coal 
with carbon neutral biomass. Biomass co-firing provides other advantages [1, 2]. It requires a smaller 
initial investment compared with other lower emission technologies because the combustion technologies 
used in biomass co-firing plants are similar to those used in existing coal-fired plants, thus existing power 
plant infrastructure can be utilized with minor modifications. The emissions of SOx and trace metals 
reduce due to co-firing; in some cases NOx emissions also reduce. Co-firing is a commercially proven 
technology having been installed successfully in more than 150 power plants worldwide.  
Implementing CO2 capture and storage (CCS) in conjunction with biomass co-firing provides a further 
opportunity to reduce CO2 emissions for the electricity sector. The combination of co-firing with CCS 
means that CO2 is captured from both the combusted coal and the 
result in a net negative CO2 emission, based on accepted carbon accounting methodology. 
It is now widely accepted that without emission pricing and subsidies for renewable energy production, 
the technological transformation required to reach the global CO2 mitigation goals will be significantly 
more costly and difficult. In Australia, a carbon tax began to be applied to major CO2 emission sources 
from mid-2012. Moreover, under the Mandatory Renewable Energy Target (MRET), generators co-firing 
biomass are able to create Renewable Energy Certificates (RECs). Therefore, from mid-2012 Australian 
generators co-firing biomass with coal may pay less carbon tax due to less CO2 emission, and they can 
also create RECs per MWh electricity produced from biomass. 
In this paper, three different cases are considered at a typical existing Australian coal-fired power plant. 
For the base case, a typical coal-fired plant is considered. The second case deals with retrofitting the 
existing coal plant for biomass co-firing, and for the third case the existing plant is retrofitted for both 
biomass co-firing and CO2 capture.  
The aim of this study is to investigate the impact of co-firing on the performance and economics with 
and without CO2 capture. The economic viability of co-firing plants is evaluated based on different values 
for the coal price, biomass price, carbon tax and REC.  
2. Methodology 
While the technical feasibility of burning biomass with coal has been well established [3], a limited 
number of techno-economic studies have been undertaken to assess the economic feasibility of biomass 
co-firing, mainly in Europe and United States [4-8]. However, the integration of biomass with CO2 
capture is a new field; there are just a few studies that consider the combination of biomass co-firing and 
CO2 capture [6, 8]. This paper studies the performance and economics of biomass co-firing with and 
without CO2 capture in the Australian context.  
The three different cases considered for this study are: 
 a typical existing coal plant (as the base plant); 
 the base plant retrofitted for 10 % biomass co-firing (on an energy basis), and, 
 the base plant retrofitted for 10 % biomass co-firing and 90 % post-combustion capture with MEA 
solvent. 
The technical and economic assumptions used in this study are based on the Integrated Carbon Capture 
and Storage Economics Model (ICCSEM) developed by the CO2CRC with some adaptations as 
described below. 
Although the combustion technologies used for solid biomass and coal are similar, there are 
differences between the coal and biomass fuels that affect both the plant performance and the economics. 
The biomass has a higher moisture content and a lower heating value [9]. The moisture content of 
biomass is in the range of 30  50 wt% and its heating value is about 14 - 21 MJ/kg while coal has a 
moisture content of 10  15 wt% and a heating value of 23 - 28 MJ/kg. Thus, biomass co-firing generally 
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results in a slight reduction in power plant efficiency due to the higher moisture content [10-13]. Based on 
different pilot plant tests, Tillman [1] formulated the efficiency loss as a function of the percentage of 
biomass in the fuel blend. The fraction of biomass also determines whether the biomass can be fed to the 
existing coal-feed system or whether a separate biomass feed system is required [3, 14, 15]. For values of 
co-firing of 10 % and above, a separate feed system is required. The capital cost incurred for co-firing 
modification and other assumptions of this study are presented in Table 1.  
While different types of biomass can be used for co-firing, this study investigates wood waste as the 
biomass feed stock based on previous trials for co-firing in Australia. Therefore, from here on, wherever 
biomass is mentioned, it means wood waste.  
For the case of co-firing with capture, the required information for the capture unit (including the 
absorption system, solvent recovery and CO2 compression to 100 bar) is obtained from the ICCSEM. To 
calculate the amount of CO2 emitted from both coal and wood waste, CO2 emission factors are calculated 
using a carbon balance.  
In this study, we estimate the economics based on a discounting period of 25 years beginning from 
2010. We assume that co-firing with and without capture is retrofitted to an existing coal fired plant and 
becomes operational in the year 2020. Implementation of capture in 2020 is assumed as it is the most 
likely timeframe at which capture will be deployed at a large scale. Thus, for the discounting period, co-
firing and capture is operated for only 15 years. This is based on the assumption that the existing power 
plant has a remaining life span of 25 years without any modification or upgrade. It should be mentioned 
that economically this is a worst-case estimate. Most likely the power plants will be modified and 
upgraded when co-firing or capture is installed. Therefore, the plant life would usually increase to 30 or 
40 years after co-firing is installed. However, plant upgrading is not considered in this paper. It should be 
noted that all costs presented in this paper are in US dollars using an exchange rate of 1 Australian dollar 
to 1 US dollar. 
Table 1. List of assumptions used for current study 
 Value Reference 
Initial plant capacity (MW)  500  
Plant technology Sub-critical,  Pulverized fuel  
Plant efficiency (%) 35  
Plant life (years) 25  
Cost year 2011  
Discount rate (%) 7  
Plant efficiency loss due to co-firing (%) 0.1 [1] 
Capital cost required for co-firing modification ($/kW) 256 [15] 
Coal emission factor (t CO2/GJ) 0.0851  
Biomass emission factor (t CO2/GJ) 0.0919  
Biomass price ($/GJ) 4.5 [16] 
Coal price ($/GJ) 1.5 [17] 
Carbon tax ($/t CO2) 23  
REC ($/MWh) 40  
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The cost of electricity (COE) is calculated by setting the net present value of the power plant to zero. 
Different combinations of economic parameters are considered in calculating the COE to investigate the 
impact of carbon tax and REC for each case. These combinations are: 
 The COE does not include carbon tax or REC. 
 The COE includes REC revenue of $ 40 per MWh for the biomass co-firing. 
 The COE includes a carbon tax of $ 23 per tonne of CO2 emitted. 
 The COE includes both the $ 23 per tonne carbon tax and the $ 40 per MWh REC revenue. 
A sensitivity analysis is also performed for the carbon tax, REC, biomass price and coal price. The 
sensitivity range for biomass price is based on [2, 16, 18, 19], while the coal price variation is based on 
[17]. Table 2 shows the ranges assumed for the different economic parameters. 
 
Table 2. Ranges assumed for different economic parameters 
Economic parameter Lower limit Baseline value Upper limit 
REC ($/MWh) 0 40 60 
Carbon tax ($/t CO2) 0 23 200 
Biomass price ($/GJ) 1 4.5 8 
Coal price ($/GJ) 1 1.5 2 
 
3. Results and Discussions 
Table 3 summarizes the results for the different cases investigated. The results show that co-firing 
10 % wood waste with coal would result in 0.33 Mt CO2 avoided per year for a 500 MW plant at an 
almost negligible efficiency loss. For the co-firing plant with CO2 capture, 2.96 Mt CO2 would be 
captured each year resulting in 0.02 Mt per year of negative CO2 emissions at an efficiency loss of about 
8 % as a result of the energy required to power the CO2 capture plant. This efficiency loss leads to lower 
electricity output to grid. 
Table 3. Effect of biomass co-firing and CO2 capture on performance characteristics of a black-coal fired power plant 
Parameters Existing coal plant Co-firing plant Co-firing plant with CO2 capture 
Net electrical output (MW) 500 500 383 
Coal used (Mt/yr) 1.10 1.00 1.00 
Biomass used (Mt/yr) 0 0.18 0.18 
CO2 emissions (Mt CO2/yr) from coal 3.26 2.94 0 
CO2 emissions (Mt CO2/yr) from biomass NA 0.35 0.33 
Resultant negative emissions (Mt CO2/yr) NA NA 0.02 
Actual emission intensity (t CO2/MWh) 0.87 0.88 0.11 
Equivalent emission intensity (t CO2/MWh) 0.87 0.79 -0.01 
Amount of CO2 avoided (Mt CO2/yr) NA 0.33 2.53 
Amount of CO2 captured (Mt CO2/yr) NA 0 2.96 
Plant efficiency (%) 35.0 34.9 26.8 
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As shown in Figure 1 for the fixed baseline values of carbon tax, REC and fuel prices, the COE for co-
firing with CO2 capture is higher than the COE for co-firing alone by 10 - 16 $/MWh, due to the
operating and capital costs of the capture plant. However, the baseline values of carbon tax and REC
make the COE of co-firing plants comparable with the COE of the base plant.
Figure 1. The effect of different combinations of economic incentives on COE for different combinations of co-firing and capture
for the baseline values of carbon tax, REC, coal price and biomass price
The effect of the REC price on the COE at a fixed carbon tax of $ 23 per tonne of CO2 emitted is
shown in Figure 2. A REC price of about $ 15 per MWh is the breakeven price for the co-firing plant for 
this value of the carbon tax; above this value the COE of the co-firing plant is less than that of the base 
plant. The difference in COE between the base plant and the co-firing plant with capture ranges from $ 8 -
10 per MWh, with the difference decreasing as the REC price increases.
Figure 2. The effect of REC price on the COE at a fixed carbon tax of $ 23 per tonne CO2 emitted
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The effect of the carbon tax on the COE at a fixed REC price of $ 40 per MWh is shown in Figure 3.
The COE of the co-firing plant is always slightly lower (0.3 3.1 %) than the base plant, with the
difference increasing with the value of the carbon tax. For the co-firing plant with capture, the breakeven
carbon tax is about $ 50 per tonne of CO2 emitted for this value of the REC. It should be noted that 
although the negative emission achieved in the co-firing with capture case, the COE is still increasing as
carbon tax increases due to the CO2 emissions prior to retrofitting.
Figure 3. The effect of carbon tax on the COE at a fixed REC price of $ 40 per MWh
Figure 4 shows the sensitivity of the COE to changes in the coal and the biomass price for the co-firing 
with and without CO2 capture; there is no difference in the sensitivities for the two plants in this figure.
From the figure, an 80 % increase in the price of the biomass, only results in a 2 % increase in the COE of 
the co-firing plant with and without capture. However, a doubling of the coal cost increases the COE of 
the co-firing plant with and without capture by 14 %.
Figure 4. The effect of coal and biomass price on the COE of a coal-fired power plant with and without capture
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4. Conclusion  
This study has investigated the effect of co-firing with and without CO2 capture at an Australian black 
coal power plant for different economic factors. The results show that retro-fitting an existing coal plant 
with 10 % biomass co-firing would slightly change the plant performance and efficiency while reducing 
the plant emission intensity by about 9 %. To make co-firing a cost competitive option for an existing 
plant in the Australian electricity market, either a high REC price (as high as $ 40 per MWh) or a 
combination of lower REC price and carbon tax (a REC price of $ 15 per MWh and a carbon tax of $ 23 
per tonne of CO2 emitted) is required. If CO2 capture is also applied to the co-firing plant, a negative CO2 
emission could be achieved, but the energy required by the capture system would decrease the plant 
efficiency by about 8 % and significantly increase the cost of electricity by 60 - 100 %. At a REC price of 
$ 40 per MWh, the carbon tax would need to be at least $ 50 per tonne of CO2 emitted to make co-firing 
with CO2 capture cost competitive. At the low level of co-firing used in this study of 10 %, the effect of 
the price of the biomass feedstock was shown to have only a small impact on the cost of electricity, while 
increases in the coal price were more significant. It should be noted that we assumed that wood waste is 
used as the biomass feed stock for co-firing in this paper. The result may differ if another biomass source 
is used. 
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